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Effects of arginine vasopressin in the heart are mediated by specific
intravascular endothelial receptors
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Abstract

Arginine vasopressin induces vascular, inotropic and arrhythmogenic effects in the heart. Existing evidence, obtained indirectly,
suggests that these effects occur through paracrine endothelia mechanisms. To demonstrate this, vasopressin was confined to the
intravascular space by covalent coupling to high molecular weight (2 X 108 Da, vasopresin—dextran) dextran. Isolated guinea pig hearts
were infused with equivalent concentrations of vasopressin and vasopressin—dextran. The negative inotropic and coronary vasopressor
effects of vasopressin—dextran were similar to those evoked by vasopressin; in both cases effects were reversible. Free dextran had no
effect on vascular resistance nor in ventricular developed pressure. The inotropic and vascular effects of both vasopressin and
vasopressin—dextran were blocked by the vasopressin receptor antagonist [Adamantaneacetyl®, o-Et-b-Tyr2, Val*, Aminobutyryl®,
Arg®°vasopressin (Adam—vasopressin), indicating that the effects of the two agonists were vasopressin receptor-mediated. To elucidate
possible endothelial intermediaries of these effects, isolated guinea pig hearts were infused simultaneously with vasopressin or
vasopressin—dextran and several inhibitors either of synthesis or blockers of receptors of possible endothelial mediators. Only reactive
blue 2, a P,, purinoceptor antagonist, and suramin, a P,, and a P,, purinoceptor antagonist, caused a total reversal of vascular and
inotropic effects of vasopressin and vasopressin—dextran. Pyridoxal phosphate-6-Azophenyl-2'-4'disulphonic acid, a P,, purinoceptor
antagonist, was without effect. Our results provide direct evidence that the short-term cardiac effects of vasopressin are due to selective
activation of intravascular purinoceptors and suggest that an intermediary of these effectsis ATP. © 2000 Elsevier Science B.V. All rights
reserved.

Keywords: Hormonal control; Endothelial receptor, luminal; ATP; Purinoceptor; Endothelial mediator; Cardiac function control

1. Introduction

Blood pressure and osmoregulation are considered to be
the main functions of the vasopressin system. The action
of vasopressin is mediated through activation of specific
membrane-bound, V,—vascular and V,—rena subtypes
(Michell et al., 1979). Vasopressin receptors are widely
distributed and its actions include vasoconstriction and
antidiuresis (Swords et al., 1991). However, the peptide
may also participate in other functions such as promoting
cell growth and proliferation (Moalic et al., 1989; Murase
et al., 1992), cardiac function regulation and perfusion and
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neurohormone secretion (Cowley and Liard, 1987; Graf et
al., 1997; Hupf et a., 1999; Marttila et al., 1996). In the
heart, vasopressin causes dose-dependent coronary con-
striction and myocardial depression at physiologic concen-
trations (Boyle and Segel, 1986, 1990) and has a direct
negative inotropic effect (Chiba, 1977; Wilson et al., 1980).
Recently, a paracrine cardiac vasopressin system, includ-
ing vasopressin mRNA, was identified in rat heart (Hupf et
al., 1999). Furthermore, it has been shown that the en-
dothelium plays an important role in modulating the vascu-
lar responses to vasopressin (Katusic et al., 1984). How-
ever, it is unknown if the cardiac effects of vasopressin are
also endothelium-mediated. To demonstrate that in the
intact heart the effects of vasopressin on various cardiac
functions are exerted through an endothelium-mediated
paracrine mechanism, vasopressin would have to be con-
fined to the intravascular space. To prevent the diffusion of
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intracoronarily administered vasopressin, we have cova
lently coupled this polypeptide to high-molecular weight
(2 10% Da) dextran, and the inotropic and vascular ef-
fects of vasopressin bound to dextran (vasopressin—de-
xtran) and free vasopressin were compared in isolated
guinea pig hearts. The results provide direct evidence that
these short-term effects of vasopressin are due to selective
activation of intravascular receptors and suggest that the
intermediary of these effectsis ATP.

2. Materials and methods

2.1. Isolated saline-perfused hearts

Male English short-hair guinea pigs (350-400 g) were
anesthetized with an intraperitoneal injection of pento-
barbital (50 mg/kg) and heparin sodium (500 U). The
animals were artificially ventilated, the chests were opened,
and a loose ligature was passed through the ascending
aorta. The hearts were rapidly removed, immersed in
ice-cold physiological saline, retrogradely perfused via a
non-recirculating perfusion system at constant flow, and
trimmed of non-cardiac tissue. Coronary flow was adjusted
with a variable-speed peristaltic pump (Harvard Apparatus,
model 1215). An initia perfusion rate of 25 ml /min for 5
min was followed by a 25-min equilibration period at a
perfusion rate of 10 ml/min. After this period, experi-
ments were begun and al hearts were perfused at a
coronary flow of 10+ ml/min and this flow was main-
tained throughout the experiment. The perfusion medium
was Krebs—Henseleit solution with the following composi-
tion (mM): 117.8 NaCl, 6 KCl, 1.75 CaCl,, 1.2 MgSO,,
1.2 NaH,PO,, 24.2 NaHCO,, 5 glucose and 5 sodium
pyruvate. The solution was equilibrated with 95% O,-5%
CO,, pH adjusted to 7.4, and kept at 37°C. Since al
experiments were performed at a constant coronary flow,
the coronary vascular resistance was estimated from mea-
surements of the coronary perfusion pressure which was
recorded continuously via a side arm of the perfusing
cannula.

A pair of stimulating electrodes, made of small stainless
steel wire vascular clamps (Fine Surgical Instruments)
soldered to a thin flexible wire, were placed 2 mm apart in
the apex of the right atrium. Pacing was achieved by
applying electrica square pulses of 2-ms duration and
twice the electrical threshold at arate of 5.1 4+ 1.1 Hz.

To measure ventricular pressure development via the
left atrium, a fluid-filled latex balloon was introduced into
the left ventricle. Diastolic pressure was adjusted to about
10 mmHg and the developed pressure continuously deter-
mined. The pressure developed under control conditions
was defined as 100% and al other amplitudes measured
under the infusion of either vasopressin or vasopressin—de-
xtran conditions were expressed as percent of control.

2.2. Coupling vasopressin to high-molecular weight dex-
tran

The procedure used to couple vasopressin to high
molecular weight dextran was that published by Haga and
Haga (1983) and modified by the authors (Ceballos and
Rubio, 1998; Rubio et al., 1999). Briefly, 1 g of dextran
(2 x 10° Da) was dissolved in 50 ml of 0.1-M sodium
phosphate buffer (pH 7.4) and 1.18 g NalO, (5.55 x 1073
mol). This solution was mixed and stirred continuously for
3 h on ice. The reaction caused oxidation of hydroxyl
groups in the two adjacent carbon atoms of every glucose
moiety of the dextran, forming a pair of reactive aldehyde
endings. To this solution 1.44 g of 6-aminocaproic acid
was added, causing the formation of a Schiff base (be-
tween the amino group of aminocaproic acid and the
aldehyde endings of the dextran). The reaction was al-
lowed to proceed 4 h with continuous stirring at room
temperature. Thereafter, to reduce and stabilize the Schiff
base, 0.9 g of NaCNBH, was added and the reaction
proceeded overnight at room temperature in the dark. The
final solution was dialyzed against several changes of
distilled water, precipitated with ice-cold acetone, and
dried. The product formed, dextran—aminocaproic acid,
had an estimated 4.9 X 10%-Da molecular weight. The
dextran—aminocaproic acid powder was dissolved in 50 ml
of 0.1-M sodium phosphate buffer (pH 7.4) and divided
into three equal aiquots. To one of the aliquots no other
addition was made (control 1). To the second aliquot, 1.5 g
of [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide] was
added, in order to activate the free carboxylate group of
aminocaproic acid (Detar and Silverstein, 1966); the solu-
tion was incubated with constant stirring for 30 min.
Afterwards, 10-mg vasopressin were added and incubation
continued for 4 h a room temperature before adding
another 1.5 g of [1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide]; the reaction was allowed to proceed overnight to
form the complex vasopressin—dextran with an estimated
molecular weight of 2.5 10” Da. To the third aliquot
vasopressin was added, with no [1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide] (control 2); the objective of
this solution was to check for non-covalent binding of
vasopressin to the dextran. The three different aliquots
were precipitated with ice-cold acetone, resuspended in
ditilled water, dialyzed against several changes of water,
and lyophilized. Stock solutions were prepared with dis-
tilled water and kept frozen at —20°C. Immediately before
the experiment, working solutions were prepared with
Krebs—Henseleit buffer equilibrated with 95% 0O,—5%
CO,, pH adjusted to 7.4, and temperature at 37°C.

2.3. Effects of control dextran—aminocaproic complexes 1
and 2

In isolated perfused guinea pig hearts, a sustained intra-
coronary infusion of one-dextran—aminocaproic complexes
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(controls 1 and 2) was assayed at a fina concentration of
1x10°7 M. The ventricular contraction and perfusion
pressure were continuously monitored and plotted against
time of infusion. These experiments were designed to rule
out any effect of the dextran—aminocaproic aone (control
1) or non-covalent binding of vasopressin to dextran—
aminocaproic (control 2). The 10~ ’-M concentrations of
dextran—aminocaproic controls were at least three orders
of magnitude higher than the concentration of vaso-
pressin—dextran required to cause maximal inotropic and
vascular effects. There were six hearts for each of these
two control groups.

2.4. Possible hydrolysis of vasopressin—dextran complex
during its passage through the coronary circulation

To rule out the possibility that the vasopressin—dextran
complex became hydrolyzed to free vasopressin during its
passage through the heart, 50 ml of venous effluent were
collected during a 5-min infusion of vasopressin—dextran
(107 M) and was filtered in a Centrifugal Ultrafree
(Millipore) unit (MW cut-off = 10,000 Da) by centrifuging
at 1500 X g for 15 min. The filtrate (control 3), that is, the
low molecular weight fraction (MW < 10,000 Da) which
would contain free vasopressin, was equilibrated with 95%
0,-5% CO, and brought to 37°C. The solution was
perfused into the same heart preparation and the perfusion
pressure and ventricular contraction were continuously
recorded (n = 6).

2.5. Bioassay of the vasopressin—dextran complex and
determination of equipotency with vasopressin

Bioassay system utilized was the isolated thoracic aorta
of guinea pigs. The aorta was excised, placed on a petri
dish with Krebs—Henseleit buffer and cleaned of connec-
tive and adipose tissue. Rings, 1-2-mm-wide, were cut
preserving the intactness of the endothelium. Using two
small stainless steel wire hooks, each ring was mounted
verticaly on an isolated tissue chamber filled with 10 ml
of high-K*™ (20 mM) Krebs—Henseleit buffer, equilibrated
with 95% O,-5% CO,, pH adjusted to 7.4 and tempera-
ture at 37°C. One hook was connected to a force displace-
ment transducer (Grass) and its output was recorded on a
pen recorder (Gould). The other hook was attached to a
micrometer used for changing muscle length. Aortic rings
were stretched 50% of their dack length and alowed to
equilibrate for at least 1 h before experiments were begun.
The active tension developed during K* depolarization
activation (124 mM K™) at severa different lengths was
measured to determine the length (L) at which maximal
force was developed (Herlihy et al., 1976). The contraction
stimulating effects of vasopressin and vasopressin—dextran
were determined a L, (3.5 4+ 0.6 mm; n= 20).

2.5.1. Comparison of potencies

In order to compare the potency of vasopressin—dextran
with that of free vasopressin, their dose—response curves
were determined in the same aortic ring. The molecular
weights estimated for vasopressin and vasopressin—dextran
were 1.08 X 10° g/mole and 2.5 x 10" g/mole, respec-
tively. Dose—response curves were obtained by adding
increasing amounts of vasopressin (range: 1071°-10"7 M)
or vasopressin—dextran (range: 10~'*-10" M) to the
bath and plotting developed tension against concentration
(data not shown). From these dose-response curves the
molar concentration of vasopressin—dextran needed to
cause the same effects as a given concentration of vaso-
pressin were assessed. It was determined that vasopressin—
dextran required a concentration equal to [vasopressin]/
10* to produce the same effect as [vasopressinl. We
defined 1/10* as the molar equivalent activity of vaso-
pressin—dextran as compared with that of vasopressin. The
determined concentration ratio [vasopressin]/[vasopres-
sin—dextran] = 10* is a reasonable figure, since the esti-
mated maximal number of bound vasopressin moieties per
dextran molecule is 2.2 X 10%, i.e. this indicates that if all
potential sites for binding for vasopressin were saturated,
our compound behaves as if only 0.454(0.454 X 2.2 X 10*
=1X 10*) of the total bound vasopressin is active.

2.6. Effects of vasopressin and vasopressin—dextran on
guinea pig isolated hearts

After the molar equivalency of vasopressin and vaso-
pressin—dextran was determined, effects of vasopressin
and vasopressin—dextran were assessed in isolated guinea
pig hearts perfused at constant flow. For the dose-re-
sponse effects, five concentrations of vasopressin were
chosen: 107%°, 107% 5x107°, 1078 and 5x 108 M.
Three-minute infusion of a dose of AVP lasted 3 min and
was followed by a washout period of 15 min with Krebs—
Henseleit buffer alone. This washout period was followed
by a 3-min infusion of an equivalent concentration of
vasopressin—dextran (range: 10~ **-10"** M), followed
by a 15-min washout period. This cycle was repeated by
another dose. Thus, there was an 18-min interval between
the beginning of a dose to the beginning of the next one.
This program of infusion yielded reproducible dose—re-
sponse curves. Perfusion pressure and ventricular contrac-
tion were continuously recorded.

2.7. Vasopressin receptor blockade

To determine that the cardiac inotropic and vasocon-
striction effects of vasopressin—dextran were mediated via
the vasopressin receptor, the polypeptide vasopressin re-
ceptor antagonist, [Adamantaneacetyl®, o-Et-n-Tyr?, Va4,
Aminobutyryl®, Arg®°]vasopressin  (Adam—vasopressin,
Manning et a., 1987) was continuously intracoronarily
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infused at a maximal concentration (10® M) for 10 min
prior the administration of the highest vasopressin or vaso-
pressin—dextran concentrations tested. Thereafter and dur-
ing the sustained infusion of Adam-—vasopressin, vaso-
pressin (5 1078 M) or vasopressin—dextran (5 x 1012
M) were infused for a 3-min period (n = 3) as described
above.

2.8. Inhibition or blockade of possible endothelial media-
tor mechanisms

To determine the possible mediators of the inotropic
and vascular effects of vasopressin and intravascular vaso-
pressin—dextran, several inhibitors were infused in paralléel
to infusions only with the largest tested doses of vaso-
pressin (5% 1078 M) or vasopressin—dextran (5 x 10~ *2
M). The infusion period lasted 3 min. The receptor in-
hibitors tested were: three purinoceptor antagonists—reac-
tive blue 2 (2 < 107° M), aP,, receptor antagonist (Fieber
and Adams, 1991); pyridoxal-phosphat-6-azophenyl-2,4'-
disulphonic acid (5 x 107> M), a P,, receptor antagonist
(Zinganshin et a., 1993); and suramin (7.5x 10°° M), a
P, and P,, antagonist (Ohno et &., 1993; Anning et al.,
1999), and aminophylline (2 x 10°° M), a blocker of
adenosine receptors (Harden, 1991). The enzymatic in-
hibitors tested were: N;-nitro-L-arginine methyl ester (2 X
107> M), an inhibitor of the arginine/nitric oxide pathway
(Rees et a., 1989) and glibenclamide (2 X 1076 M), an
antagonist of intracellular ATP-sensitive K* channels
(Cook, 1988; Hassessian et al., 1993). Perfusion pressure
and ventricular contraction were continuously recorded.

2.9. Satistics

Results are expressed as mean + S.E. In these experi-
ments, each heart and each group served as its own
control, and responses under control conditions and during
specific manipulations were compared in the same heart.
For these reasons, statistical significance was determined
using a paired t-test with a Bonferroni correction factor for
multiple comparisons. A statistically significant difference
was defined for values of P < 0.05.

3. Results
3.1. Effects of vasopressin—dextran complexes

Sustained intracoronary infusions of the vasopressin—
dextran, (controls 1 and 2; 10”7 M) in isolated guinea pig
hearts induced no effects in ventricular contraction ampli-
tude nor in perfusion pressure. These results indicate that
vasopressin—dextran (control 1) was not active and that
there was no non-covalent absorption of vasopressin to
dextran—aminocarpoic (control 2).

3.2. Inotropic and vascular effects of vasopressin and
vasopressin—dextran

Fig. 1A and B are representative trace recordings of
ventricular contraction (upper traces) and perfusion pres-
sure (lower traces) from an isolated perfused guinea pig
heart. Infusions of vasopressin or vasopressin—dextran in-
duced a negative inotropic effect and an increase in perfu-
sion pressure (Fig. 1A and B, respectively). Infusion peri-
ods are indicated by the arrows. Fig. 1A shows the effects
of infusion of 5X 1078 M of vasopressin and Fig. 1B
shows the effects of 5x 10~? M of vasopressin—dextran.
Upon termination of infusion the effects of vasopressin or
vasopressin—dextran on contraction and perfusion pressure
values gradually returned in about 10 min to baseline
values, however, the period of washout continued for
another 5 min before another dose was given, i.e. there
was a 15-min washout period. Using this protocol, the
responses to vasopressin and vasopressin—dextran were
reproducible. The dose-response curves of the inotropic
effects of vasopressin and vasopressin—dextran were done
and are shown in Fig. 2A and the corresponding dose—re-
sponse curves for the vasoconstriction effects are shown in
Fig. 2B.

To rule out the possibility that the effects of vaso-
pressin—dextran complex became hydrolyzed to free vaso-
pressin plus dextran—aminocaproic during its passage
through the heart, and the observed effects were caused by
the released free vasopressin, venous effluent was col-
lected during a 5-min infusion of vasopressin—dextran
(107! M) at two times greater than the concentration the
maximal vasopressin—dextran (5 x 10712 M, Fig. 2). The
venous effluent was sieved through a filter with a molecu-
lar weight cut-off of 10,000 kD to exclude vasopressin—de-
xtran, and the filtrate which may contain the released
vasopressin was infused in the same heart. Infusion of the
filtrate had no effect on the ventricular contraction nor
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Fig. 1. Effects on ventricular contraction amplitude (upper trace) and
perfusion pressure (lower trace) of a sustained coronary infusion of
5% 108 M vasopressin (AVP, part A) and coronary infusion of 5x 10~ 12
M vasopressin—dextran (AVP-Dx, part B). Representative traces (A and
B) from the same isolated perfused guinea pig heart. Arrows indicate the
beginning and the end of the period of infusion. Notice that both
vasopressin and vasopressin—dextran cause a negative inotropic and a
coronary vasoconstriction effects. In B the time calibration lineis equal to
5 min.



T. Zenteno-Savin et al. / European Journal of Pharmacology 410 (2000) 15-23

100

% of CONTROL
~ [o] 0
°© o _©

VENTRICULAR CONTRACTION
o
2

50
-10

-14

-8
-13AvP-Dx-12

-9 AVP
(M)

-7

-11

INCREASE IN PERFUSION PRESSURE (mmHg)

19

(9,]
N

\,
==

-
o

Cd
Cd
—‘/

0
-10

-14

-7
M_y4

-'9 AVP -'8
-13 AVP-Dx-12

Fig. 2. Dose—response curves of the negative inotropic (ordinates, part A) and coronary vasoconstriction effects (ordinates, part B) caused by coronary
infusion of vasopressin (AVP, squares) and vasopressin—dextran (AVP-Dx, triangles). For 10~° M vasopressin and 10~ ** vasopressin—dextran n= 5 and

for al the other concentration n= 21.

perfusion pressure, showing that there was no free vaso-
pressin present. However, venous effluents containing va-
sopressin—dextran that were not filtered, upon reinfusion to
the heart, caused vasoconstriction and cardiac depression.

The effects of coronary infusion of both vasopressin
(5x10°% M) and vasopressin—dextran (5x 10712 M),
the largest concentrations tested, were blocked by Adam—
vasopressin, a vasopressin receptor antagonist, indicating
that their effects were vasopressin receptor-mediated
(Manning et al., 1987).

3.3. Inhibition or blockade of the effects of vasopressin
and vasopressin—dextran

To study possible endothelial mediator mechanism of
the inotropic and vascular effects of vasopressin and vaso-
pressin—dextran in the isolated perfused guinea pig hearts,
several inhibitors were infused in parallel to vasopressin
and vasopressin—dextran. None of the utilized agents with
potential blocking effects, when infused alone, had an
effect on either ventricular contraction or perfusion pres-
sure. Neither aminophylline, Ng-nitro-L-arginine methyl
ester or glibenclamide blocked the ventricular contraction
nor the vascular effects of vasopressin and vasopressin—
dextran. However, infusion of reactive blue 2, a P,
purinoceptor antagonist (Fieber and Adams, 1991), com-
pletely inhibited both the inotropic and vascular effects of
vasopressin and vasopressin—dextran (Figs. 3 and 4). Fig.
3(A), (B) and (C) are representative traces of ventricular
contraction and perfusion pressure from two different ex-
periments. The blocking effects of reactive blue 2 on the
inotropic and vascular effects of vasopressin were exerted
with no delay. This is illustrated in Fig. 3(A), where
initiation of infusion of reactive blue during the sustained
infusion of vasopressin caused an immediate reversal of

the inotropic and vascular vasopressin-induced effects. Fig.
3(B) shows the inotropic and vascular effects of a 3-min
infusion of vasopressin—dextran (5 x 10~ %2 M). Initiation
of a sustained infusion of reactive blue, 10 s prior to the
infusion of vasopressin—dextran (5 x 10712 M), resulted
in a complete blockade of the inotropic and vascular
effects of vasopressin—dextran (Fig. 3(C)). Reactive blue
reversed the decrease in relative amplitude of the ventricu-
lar contraction (Fig. 4(A)) and the increase in perfusion
pressure (Fig. 4(B)) induced by vasopressin (5 1078 M)

RB
2418-6

RB
2%10-6

b

ﬁa] -

20 t + ¢ t ¢

mmHg  aup AUP-Dx AUP-Dxr
5%18-8 5%10-12 5x10-12

Fig. 3. Blockade by the P,, receptor antagonist reactive blue (RB) of the
inotropic and vasoconstriction effects caused by the coronary infusion
vasopressin (AVP) and vasopressin—dextran (AVP-Dx). Arrows indicate
the beginning and the end of the periods of infusion. (A): rapid reversal
of the effects infusion of vasopressin by reactive blue. Infusion of
reactive blue was initiated during the sustained infusion of vasopressin.
Notice that immediate reversal of the inotropic and vasoconstriction
effects of vasopressin. Representative traces from an isolated perfused
guinea pig heart. (B) and (C): blockade of the inotropic and vasoconstric-
tion effects of vasopressin—dextran by reactive blue. (B): inotropic and
vasoconstriction effects of a maximal concentration of vasopressin—de-
xtran aone. (C): blockade by reactive blue of the effects of vasopressin—
dextran when it is infused during a sustained reactive blue infusion.
Representative traces from an isolated perfused guinea pig heart. In part
C, the time cadlibration line is equal to 5 min.
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Fig. 4. Reversal by reactive blue (RB, 2 X 10~® M) and by suramin (SUR, 7.5 X 10~5 M) of the inotropic (A) and vasoconstriction (B) effects caused by
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AVP-Dx + SUR represent infusion of the agonists during the administration of reactive blue or suramin. Notice that administration of reactive blue and
suramin resulted in a complete blockade of the inotropic and vasoconstriction effects. Means + SE (n=5).

and vasopressin—dextran (5 x 10712 M). In the same ex-
perimental conditions, pyridoxal-phosphat-6-azophenyl-
2’ 4-disulphonic acid (5 x 10~°> M), a P,, receptor antag-
onist (Zinganshin et al., 1993), did not block the inotropic
nor the vascular effects of vasopressin and vasopressin—
dextran (not shown). However, suramin (7.5 x 107° M), a
blocker of both the P, and P,, receptors (Ohno et a.,
1993; Anning et al., 1999), also blocked the inotropic and
vascular effects of vasopressin and vasopressin—dextran
(Fig. 4(A) and (B)).

4, Discussion

The data presented support the concept that the vascular
and ventricular effects, caused by intracoronary infusion of
the small-molecular size vasopressin and the large-molecu-
lar size vasopressin—dextran, are the result of activation of
specific intravascular receptors and suggest that ATP
through a P,, receptor activation mediates these effects.

4.1. Activation of intravascular coronary endothelial vaso-
pressin receptors

The controls, dextran—aminocaproic (control 1) and
non-covalent adsorption of vasopressin to dextran—amino-
caproic (control 2), used in these experiments had no
physiologic effect, which demonstrates that the effects of
vasopressin—dextran are independent of either reactive
chemistry (control 1) or physical adsorption due to re-
tained vasopressin (control 2). Furthermore, we demon-
strated that vasopressin—dextran complex is not hydro-

lyzed to free vasopressin and dextran during its passage
through the coronary vasculature (control 3). Coronary
venous effluent from hearts perfused with the vasopressin—
dextran complex was fractionated by molecular weight
exclusion filtering, the low molecular weight fraction when
infused in an assay heart, was totally inactive. This demon-
strates that there was no free vasopressin in the coronary
venous effluent, and that effects of vasopressin—dextran
are due to the whole complex. It is concluded that the
stability of the vasopressin—dextran complex rests on the
formation of the covalent bond between vasopressin and
dextran, and that this bond is stable during its passage
through the vasculature. Consequently, upon intracoronary
infusion of vasopressin—dextran complex there is activa
tion of intravascular coronary endothelial AVP receptors
that lead to the observed effects, thus, suggesting that
vascular endothelium is a necessary component of vaso-
pressin’s vascular and ventricular effects.

Taylor and Granger (1984), using intracoronary perfu-
sion of macromolecular dextran in dog hearts, defined an
upper dimensiona limit for capillary pore diameter of
0.024—-0.032 p.m. The dextran used in this study has an
estimated molecular diameter of > 0.1 pm (Ceballos and
Rubio, 1998). Consequently, the vasopressin—dextran
complex could not permeate the capillary wall and, being
confined to the intravascular space, could only act on
specific endothelial vasopressin receptors.

This study strongly suggests that intracoronary infusion
of vasopressin—dextran complex and vasopressin exerts its
cardiac actions solely via activation of vasopressin en-
dothelial intravascular receptors. This conclusion is based
in the facts that: (a) the effects of both vasopressin and
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vasopressin—dextran are blocked by the receptor antagonist
Adam-vasopressin (Manning et al., 1987); (b) the vaso-
pressin—dextran complex is chemically stable within the
vasculature, and since is too large to cross the endothe-
lium, is confined to the intravascular space; (c) intracoro-
nary infusion of vasopressin and vasopressin—dextran trig-
ger responses which have the same properties, namely,
equipotent concentrations of vasopressin and vasopressin—
dextran generate the same dose-response curve; and (d)
their effects are mediated by the same endothelial chemical
messenger (see below). These similarities take place de-
spite that upon intracoronary infusion, vasopressin and
vasopressin—dextran could potentially compartmentalize
differently. Because of its much smaller molecular size,
vasopressin may diffuse freely and occupy intravascular
and extravascular compartments and activate receptor at
these sites, while vasopressin—dextran activate only in-
travascular receptors because, being a larger molecule, it is
confined to this space.

It is well accepted that hormonal activation of the
endothelia lining of blood vessels results in the release of
bioactive substances that modulate the tone of adjacent
smooth muscle cells (Furchgott and Vanhoutte, 1989).
Experimental evidence for this includes multiple studies
showing that removal of the blood vessel endothelial lining
abolishes or reverses the hormonal response (Furchgott
and Vanhoutte, 1989). Working with intact hearts, it is not
possible to remove the coronary endothelium without im-
pairing cardiac function. Thus, in order to study endothe-
lium receptor-mediated responses, an appropriate approach
is to selectively activate or block endothelial receptors by
confining the ligands intravascularly. This protocol has
been previously used to study the effects of adenosine by
attaching adenosine agonists and antagonist to micro-
spheres and 2000-kD dextran (Balcells et al., 1992, 1993;
Rubio et al., 1999), and the effects of acetylcholine by
attaching muscarinic receptor antagonist to high-molecular
weight dextran (Ceballos and Rubio, 1998).

4.2. The possible endothelial mediator: ATP

It is well known that endothelial cells are capable of
rapidly synthesizing ATP (Pearson et al., 1978; Pearson
and Gordon, 1985) and is among the list of vasoactive
substances released by the endothelium in response to
various stimuli (Anning et al., 1999; Hassessian et al.,
1993; Ralevic et a., 1992). These findings could help to
explain our results with the different P, purinoceptor
antagonist. We have shown that reactive blue, a P,
purinoceptor antagonist (Fieber and Adams, 1991; Burn-
stock and Kennedy, 1985), was able to completely and
readily revert the inotropic and vascular effects of vaso-
pressin and vasopressin—dextran. Furthermore, simultane-
ous infusion of 2 X 10~8-M reactive blue and vasopressin
(5x10°®% M) or vasopressin—dextran (5% 102 M)
completely inhibited their inotropic and vascular effects.

Under the same conditions, pyridoxal-phosphat-6-azophe-
nyl-2',4-disulphonic acid (5 X 10~° M), a P,, purinocep-
tor antagonist (Zinganshin et al., 1993), was without effect.
However, suramin, a P,, and P,, purinoceptor antagonist
(Ohno et al., 1993), caused the same effects as reactive
blue. In addition, in our preparation, the isolated perfused
guinea pig ventricular preparation, administration of ATP
in a 10°'—10"5-M range caused a concentration-depen-
dent negative inotropic effect (not shown). These results
suggest that vasopressin acts on intravascular endothelial
receptors and could cause the release of ATP as the sole
mediator, which acts via P, receptors on cardiac and
vascular myocytes. However, it is also possible that the
vascular and ventricular effects of vasopressin and vaso-
pressin—dextran are the result of a autocrine/paracrine
mechanism, in which ATP is just a hecessary link between
vasopressin endothelial receptor activation and the chosen
endpoint (Anning et al., 1999). This is to say that ATP
may act in another cell type and not directly on the
myocytes. The role of ATP as mediator of hormonal action
is not a novel idea. ATP and other nucleotides act as
extracellular messengers and exert widespread influence
on cell function by acting on a variety of cell surface
receptors (Boarder et al., 1995; Harden, 1991).

We are suggesting, and others already have indicated,
that extracellular ATP could be a genuine and potent
extracellular modulator of cardiac function in ventricular
myocardium and in vascular smooth muscle (Anning et al.,
1999; Paddle and Burnstock, 1974; Qu et al., 1993).
However, it is needed to explain how ATP could depress
ventricular contraction and enhance coronary vascular tone.
A myriad of diverse pharmacological effects are observed
in different tissues in response to adenine nucleotides, and
in isolated cardiac cells, the diversity of the responses
depends on the source of cardiac tissue type, species and
the type of response studied (Fu et a., 1995; Qu et a.,
1993; Zhang et al., 1996; Zheng et a., 1993). Despite that
in our ventricular preparation, administration of ATP causes
a negative inotropic effect which may or may not indicate
a direct action on the ventricular myocytes, to accept our
proposal it is necessary to demonstrate that ATP causes a
negative inotropic effect in freshly isolated guinea pig
ventricular myocytes and stimulation of contraction in
smooth muscle in coronary resistance vessels. To our
knowledge, this information is not available.

In diverse smooth muscle preparations from different
species, ATP enhances contraction (Harden, 1991), and in
cultured rat aortic smooth muscle cells, activation of P,
purinoceptors increase intracellular calcium—an effect
mediated either by P,, 0 P,, receptor activation depending
on the culture conditions (Pacaud et al., 1995). Thus, it is
possible that in our experiments the coronary constriction
induced by AVP could be attributed to release of ATP.

In isolated, cultured cardiac myocytes the effects of
ATP are diverse. In rat ventricular myocytes, through a P,,
purinoceptor activation, ATP causes an increase in Ca2*



22 T. Zenteno-Savin et al. / European Journal of Pharmacology 410 (2000) 15-23

influx, intracellular Ca* and contraction (Zhang et al.,
1996; Zheng et al., 1993). In contrast, in isolated cultured
ventricular ferret myocytes, ATP causes a negative in-
otropic effect (Qu et al., 1993), and in the atrial myocytes
of most species, ATP activates K + channel activity with
an associated depression of contraction (Fu et al., 1995).
Unfortunately, studies in isolated, cultured guinea pig ven-
tricular myocytes are not available. Thus, it is possible that
ATP in guinea pig ventricular myocytes could cause a
negative inotropic effect. The importance of species is
stressed by preliminary studies in isolated perfused rat
heart, where the effects of vasopressin and vasopressin—
dextran are coronary constriction and a positive inotropic
effect which are blocked by the P,, purinergic antagonist.

In summary, the available evidence in the literature on
the effects of ATP on cardiac ventricular and coronary
smooth muscle myocytes does not alow an unequivocal
interpretation of our results. However, the strongest evi-
dence till is that the P, -selective and the P, and P,
non-selective purinoceptor antagonists both blocked the
vascular and inotropic effects of vasopressin or vaso-
pressin—dextran, indicating that ATP is involved in the
responses triggered by vasopressin intravascular endothe-
lial receptor activation.

4.3. The lack of effect of other inhibitors tested

All other blockers and inhibitors tested were unable to
block the inotropic and vascular effects of vasopressin and
vasopressin—dextran. One would have expected that due to
the high ectonuclectidase activity in the cardiac cells mem-
branes (Meghji et al., 1992; Pearson et al., 1978), rapid
degradation of ATP into adenosine would occur which
would produce vasodilation and a negative inotropic effect.
However, blockade of the adenosine receptors by amino-
phylline had no effect on the vascular and inotropic re-
sponses to vasopressin or vasopressin—dextran. It has been
indicated that ATP-sensitive potassium channels (K x;p)
which are blocked by glibenclamide are implicated in the
release of ATP by flow-stimulated endothelial cells
(Hassessian et a., 1993). Furthermore, Ki;, channels
have been implicated in changes in coronary vascular
resistance (Melchert et al., 1999). In contrast to these
reports, our findings of a lack of blockade by gliben-
clamide of the vascular and inotropic effects of vaso-
pressin and vasopressin—dextran suggest the mechanism of
release of ATP by endothelial cells, in response to vaso-
pressin, does not involve K 115 channels. Finaly, the lack
of action we observed with Ng-nitro-L-arginine methyl
ester on the vascular and inotropic effects of vasopressin
and vasopressin—dextran indicate that nitric oxide does not
participate in this scheme.

4.4. Perspectives

This paper presents evidence that vasopressin, acting at
specific intravascular endothelia receptors, induces a de-

crease in ventricular contraction and an increase in perfu-
sion pressure; both effects require the activation by ATP of
P,, purinoceptors. However, the following remain un-
known: the defined cell source of ATP, the mechanism of
its release, the defined cell target of ATP and the exact
mechanism(s) whereby ATP induces these effects (Boarder
et al., 1995; Froldi et d., 1999; Qu et al., 1993; Scamps et
al., 1992; Seiler et al., 1999; Wilson et al., 1980).
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